Abstract: Hearing is a major factor in human quality of life. Mouse models are important tools for discovering the genes that are responsible for genetic hearing loss, and these models often allow the processes that regulate the onset of deafness in humans to be analyzed. Thus far, in the study of hearing and deafness, at least 400 mutants with hearing impairments have been identified in laboratory mouse populations. Analysis of through a combination of genetic, morphological, and physiological studies is revealing valuable insights into the ontogenesis, morphogenesis, and function of the mammalian ear. This review discusses the advantages of the mouse models of human hearing impairment and highlights the identification of the molecules required for stereocilia development in the inner ear hair cells by analysis of various mouse mutants.
Introduction
hearing impairment is the most frequent sensory deficit in the human population [41] . It is estimated that 1 in 1,000 children is born with a serious hearing impairment, and half of these cases are considered to have a genetic origin [25] . In addition, a large proportion of the human population will experience age-related hearing loss (AHL), with 30-35% of adults between the ages of 65 and 75 exhibiting hearing loss and 40-45% of adults having a significant hearing impairment by 75 years of age [33, 78] . Recently, a large number of genetic loci responsible for hearing impairment have been mapped in humans [Hereditary Hearing Loss Homepage: http:// hereditaryhearingloss.org/]. However, the underlying genes still remain unknown. Identification of the responsible genes is difficult because hearing impairment is a diverse disorder, with a wide range of causes. For example, a genetic linkage analysis of human hearing impairment is possible only in large families that contain several hearing impaired members. In addition, one family might carry two or more hearing impairment-related mutations because hearing-impaired persons from different families often marry each other [91] . Moreover, hearing impairment, especially AHL, is thought to result from age-related degeneration of the inner ear cochlea, which occurs through environmental factors, such as noise, toxic agents, or infectious diseases, as well as through genetic factors. Therefore, the identification of AHL-contributing loci in humans has only occurred recently because of difficulties in controlling for environmental factors. Recently, there has been considerable progress in identifying key molecules involved in the development and maintenance of the auditory system, and mouse models have been at the forefront of this research. Indeed, a large number of papers using mouse models for hearing research are published each year, and mice are now indispensable models of human hearing impairment. Mouse models according to the type of pathology observed are a useful step in unraveling the mechanism of auditory systems. Some mouse models are available to understand the major events of auditory sensing. For example, both tectorin alpha (Tecta) and collagen, type XI, alpha 2 (Col11a2) mutant mice contribute to understanding the function of the tectorial membrane that is necessary for focusing the mechanical oscillations of the sound stimulus onto the sensory hair cells [60, 61, 72] . The knockout (KO) mice of solute carrier family 26, member 5 (Slc26a5) encoding prestin, are an important tool for analysis of outer hair cell electromotility [63] . Mutants of genes such as gap junction protein, beta 2 (Gjb2, known as connexin 26), solute carrier family 26, member 4 (Slc26a4, known as pendrin), and potassium voltage-gated channel, subfamily Q, member 1 (Kcnq1) are revealing cochlear ionic homeostasis [15, 18, 24, 55, 58] . There is not sufficient space in this article to describe the many excellent genetic studies on hearing impairment using mouse models. Instead, in this review, we concentrate on the advantages of the mouse as a model for hearing impairment and on mouse models for key genes required for stereociliary bundle development in the inner ear hair cells.
Advantages of the Mouse as a Model for Hearing Impairment
The laboratory mouse is widely accepted as an invaluable model organism for investigating the genetic basis of human disease because of its short life span, ease of experimental manipulation, limited genetic heterogeneity, and controlled handling environment. Although these advantages are important for human hearing research, mice have additional advantages for use in the analysis of the human auditory system and the molecular mechanisms of hearing impairment. First, there is remarkable structural similarity between the human and the mouse auditory systems; therefore, auditory mouse mutants have provided valuable insight into the ontogenesis, morphogenesis, and function of the human ear [6, 88] . Second, histopathological studies in humans are confounded by the fact that auditory neural tissue cannot be removed and morphologically examined by extraction and fixation during life. Electrophysiological assays, such as endocochlear potential and patch-clamp recording can also be difficult to use for the detailed investigation of auditory functions in humans. Mouse models allow histopathological and ultrastructural studies and electrophysiological measurements to be conducted as part of the investigation of the underlying nature of hearing impairment [81, 85, 105] .
The mouse genome has been completely sequenced and shows 80% homology with the human genome [90] ; mouse genes involved in hearing exhibit strong sequence similarities and similar functions to their human counterparts. Most of the information regarding protein function in hearing originates from the study of mouse mutants carrying alterations in the genes encoding these proteins. These mouse mutants were derived from spontaneous mutations and chemical and radiation-induced mutations, as well as mutations produced using genetargeting techniques. In particular, N-ethyl-N-nitrosourea (ENU) mutagenesis screening is a powerful tool for generating novel mouse mutants for the study of hearing impairment. For example, diminuendo was identified as a mutation in a microRNA, miR-96, which was the first microRNA found to be associated with hearing impairment [62] . ENU mutagenesis has also been used to identify additional novel mouse models of deafness, such as those involving Jeff and Jumbo, which are associated with a middle ear inflammatory disease called otitis media [35, 89] . Moreover, allelic variants of these mice are useful for understanding the different pathogenic phenotypes of hearing impairment caused by mutations in different sites of the same gene because ear pathogenic phenotypes vary among human pedigrees with the same mutation. A number of important allelic series mutations that cause hearing impairment have been identified using phenotype-and gene-driven ENU mutagenesis screens in the mouse [40, 98, 99] .
Laboratory mouse strains offer important advantages as bioresources for hearing research. Many inbred mouse strains exhibit the variable hearing ability and onset time of AHL [49, 117] . The C57BL/6J (B6) strain is a wellknown mouse model of AHL. The B6 strain is widely used as an animal model in research on progressive sensorineural hearing loss because it exhibits severe hearing loss at 9-12 months of age (Fig. 1A) [23, 39, 76, 111] . In B6 mice, AHL was associated with a single locus, and this ahl locus has been mapped to chromosome 10 [44] . Noben-Trauth et al. (2003) have identified a functional SNP (G753A) in the coding sequence of cadherin 23 (Cdh23) (Fig. 1B) [83] . This SNP, which is located at the splice junction, alters the consensus splice site, leading to in-frame skipping of exon 7 of Cdh23 (Fig. 1B-D) . Moreover, this study confirmed that the Cdh23 753A mutation is an inbred strain-specific dimorphism in multiple inbred mouse strains [83] . Several quantitative trait loci (QTLs) associated with hearing impairments in laboratory mice have been genetically mapped using crosses of AHL-susceptible and AHL-resistant strains, including ahl2 [48] , ahl3 [80] , ahl4 [116] , ahl5 [21] , ahl6 [21] , and ahl8 [47] ; and progressive hearing loss 1 (Phl1) and Phl2 [66] ; and high-frequency hearing loss 1 (Hfhl1) and Hfhl2 [52] ; and sensorineural hearing loss 1 (Snhl1) [82] , Snhl2, Snhl3, and Snhl4 [57] (Table 1) . Recently, research groups have confirmed that the genes responsible of the ahl4, ahl5, and ahl8 locus are citrate synthase (Cs) [45] , GIPC PDZ domain-containing family member 3 (Gipc3) [16] , and fascin homolog 2 actin-bundling protein, retinal (Fscn2) [102] , respectively (Table 1) . Thus, QTL studies have established a strong genetic basis for AHL in inbred mouse strains, and further studies should uncover more AHL-related genes.
The Structure and Function of Stereociliary Bundles in Hearing
Sound that enters the pinna is funneled to the tympanic membrane, where the sound vibrations lead to the movement of the ossicular chain, which transmits sound impulses across the middle-ear cavity to the inner ear. The inner ear is an organ for mechanoelectrical transduction (MET), in which sound impulses are converted into neural impulses and transmitted to the brain [14, 97] . The inner ear contains vestibular and cochlear components. The vestibular components sense movement and gravity, and they comprise the sacculus, utriculus, and semicircular canals. The cochlea is responsible for auditory transduction and is a snail-like structure that includes the neuroepithelium and the organ of Corti ( The hair bundle also contains a single true cilium, the kinocilium, in all but the mature organ of Corti. The kinocilium is organized into rows of increasing height, 
*Recombinant inbred strain derived from DBA/2J. **Recombinant inbred strain derived from C3H/HeJ.
with the kinocilium location defined as either adjacent or central with respect to the tallest row ( Fig. 2D and  2E ). The kinocilium has microtubule doublets extending throughout its length, and a centriole lies at its base, within the apical cytoplasm of the hair cell [79] . The stereocilia are filled from top to bottom with numerous highly cross-linked actin filaments (F-actin) ( Fig. 2C and  2D) . A proportion of these F-actin filaments pass through the tapered base of each stereocilium and form a rootlet that extends into the cuticular plate, which is a dense cell cytoplasm beneath each stereociliary bundle [79, 97] . Located between the matured stereocilia are interconnected links of three different types: tip links, horizontal top connectors and shaft connectors [79] (Fig. 2E) . The tip links are aligned with the bundle's axis of mechanical sensitivity and are appropriately positioned to participate in MET channel gating [28, 97] . Specifically, tip links gate the MET channel at stereocilia tips [92] . Indeed, the hair bundle loses its mechanical sensitivity when tip links are broken [7, 115] . In addition, ankle links are transiently present, forming a dense network at the bottom of stereocilia during early development [31, 79] (Fig.  2E) . A kinocilial link is also transiently present to connect stereocilia and kinocilia during the early development of the hair cells [22, 32] (Fig. 2E) . 
Mouse Models of Stereociliary Bundle Defects of the Inner Ear Hair Cells
Although the essential components and machinery for the development of hair cell stereocilia are still unknown, several molecules have been implicated to be involved in this process through the analysis of mouse models using forward and reverse genetics techniques. Figure 3 shows the localization of the major molecules for involved in stereociliary bundle development that has been identified using mouse models that show shaking/waltzing behavior [14, 26, 97] . In this section, we discuss the contribution of mouse mutants to identifying these molecules, as well as the localization and interactions that are essential for: 1) stereocilia growth, 2) stereocilia cohesion and 3) base maintenance and construction of stereocilia.
Stereociliary growth
An unconventional myosin, myosin XVa (MYO15A), and a PDZ-protein, whirlin (WHRN), are the key proteins implicated in the regulation of stereociliary bundle growth. Mutations in Myo15 and Whrn, shaker 2 (Myo15 sh2 ) and whirler (Whrn wi ), respectively, show significantly shorter stereocilia than those of wild type mice (Fig. 4A and 4B) [69, 93, 94] . MYO15A and WHRN proteins colocalize at the stereocilia tips during stereocilia elongation (Fig. 3A and 3B) [9, 19, 53] . Interactions between the MYO15A C terminus and the PDZ domain of WHRN suggest that a MYO15A-WHRN complex might regulate actin polymerization during stereocilia elongation [9, 19] . Moreover, an expression analysis using mutant mice showed that WHRN is no longer present at the stereocilia tips in Myo15 sh2 [9, 19, 53] , suggesting that mYO15a transports whrN to the stereocilia tips. Recent studies have identified molecules, including the MYO15A-WHRN complex, by using protein-protein interaction and expression analyses in wild type and Myo15 sh2 and Whrn wi mice. Epidermal growth factor receptor pathway substrate 8, EPS8, interacts with both MYO15A and WHRN, and Esp8 KO mice show short stereocilia, as do Myo15 sh2 and Whrn wi mice [65] . EPS8 is also localized at stereocilia tips and is absent in the stereocilia tips of Myo15 sh2 mice [65] . The expression of EPS8 is reduced in the stereocilia tips of Whrn wi mice [65] . Therefore, this report strongly suggests that EPS8 is a member of the MYO15A-WHRN complex in the stereocilia tip. In addition, WHRN interacts with the membrane-associated guanylate kinase (MAGUK) protein, p55 [68] , and p55 interacts with two FERM (4.1-ezrin-radixin-moesin) proteins, 4.1R and 4.1B, which also localize to the stereocilia bundle and tips [68, 86] . The expression of these proteins is reduced in the stereocilia tips of both Myo15 sh2 and Whrn wi mice and might regulate actin assembly in the stereocilia [66, 86] . Furthermore, p55 interacts with the actin capping protein gelsolin (GSN) [70] , and Gsn tm1Djk mutants have elongated stereocilia at the apex of the cochlea, indicating defects in the regulation of stereocilia elongation [70] . The identification of GSN provides a functional link between the MYO15A-WHRN complex involved in stereocilia elongation and a known actin regulatory molecule.
Stereociliary cohesion
The stereocilia and kinocilia on hair cells are connected by distinct links (Fig. 2C) . These links are remodeled during development, suggesting that they actively shape the hair bundle. The key proteins that comprise the links and are responsible for the cohesion of the ste- 
cohesion (B, CDH23) and base constriction (C, MYO6). Confocal images of hair cells stained with antibody against all proteins (green) and phalloidin (red).
The staining was performed using rabbit polyclonal antibodies for MYO15A [53] , CDH23 [104] and MYO6 (Proteus BioSciences) [38] , which are well characterized.
reocilia bundle have been identified using studies of mouse models of Usher syndrome (USH) ( Table 2) . USH is the most common cause of sensory impairment in which deafness and blindness occur together. It is clinically divided into three types, USH1-3, based on the degree of deafness, time of onset of retinitis pigmentosa (RP), and presence of vestibular dysfunction [112] . USH1 is the most severe form and is characterized by profound congenital deafness, vestibular dysfunction, and prepubertal onset of RP. In USH2, the hearing loss is milder; the onset of RP occurs after puberty; and vestibular function is normal. USH3 patients show progressive hearing loss and variable degrees of RP and vestibular dysfunction. Mutations that cause USH1 have been identified in five genes, those for USH2 have been found in three genes, and those for USH3 have been found in one gene (Table 2 ) [112] . USH1 is caused by mutations in genes encoding the transmembrane receptors cadherin 23 (CDH23) [12] and protocadherin 15 (PCDH15) [4] , the scaffold proteins harmonin (USH1C) [10, 106] and sans (USH1G) [110] , and the unconventional myosin protein VIIa (MYO7A) [109] . Disorganized stereociliary bundles have been observed in mouse mutants of each USH1 gene ortholog: waltzer (Cdh23 v ) [20, 51] , Ames waltzer (Pcdh15 av ) [5] , deaf circler (Ush1c dfcr ) [46] , Jackson shaker (Ush1g js ) [54] , and shaker1 (Myo7a sh1 ) [27] . Common features are irregular bundle morphology, including poor maintenance or loss of the normal V-shaped pattern, and stereocilia that are splayed and of irregular length (Fig. 4C  and 4D ). Lefèvre et al. (2008) demonstrated that hair bundle fragmentation and misorientation occur as early as embryonic day 17, and the abnormal differential elongation of the rows of stereocilia occurs during the first postnatal days [59] . Proteins involving USH1 are precisely localized within the MET complex and their direct/indirect interactions have been demonstrated using protein-protein interaction assays and structural analyses (Fig. 3A and 3C) [2, 11, 87, 103, 110, 113] . CDH23 and PCDH15 are expressed in developing bundles, where they localize to transient lateral and kinocilial links [51, 56, 75, 101, 104] . Developing hair bundles also express a harmonin splice variant, harmonin-b (HARMb), in the stereocilia upper tip-link density (UTLD), and HARMb binds CDH23, PCDH15, and F-actin, suggesting that HARMb establishes a connection between cadherins and F-actin [2, 11, 101, 103] . Moreover, expression of HARMb is absent from the UTLD in Myo7a sh1 and Ush1g js mice, respectively, but this change in expression was not observed in Cdh23 v and Pcdh15 av mice [59] . Recently, Grati et al. (2011) reported that MYO7A and SANS are colocalized with HARMb in the stereocilia UTLD [34] . These results might suggest that MYO7A, SANS, and HARMb form the core components of the UTLD molecular complex and might act as an anchor for F-actin to access the early lateral and tip links for bundle cohesion. In addition, the UTLD is presumed to contain a cluster of motor proteins that pulls on the tip link, maintaining a resting tension [34, 59] . This report supports the idea that MYO7A is a candidate motor element that pulls on CDH23, exerting tension on the tip links [34] . uSh2 is mediated through mutations in genes encoding WHRN and the transmembrane proteins usherin (USH2A) and VLGR1 (GPR98) ( Table 2 ) [112] . Mutations in these genes also affect hair bundle morphology in mice [64, 69, 71, 114] . USH2A and VLGR1 are transiently expressed in the ankle link region during stereocilia development and ankle-link losses in Gpr98 KO mice [1, 71, 74] . The long isoform of WHRN (WHRNb) is also transiently expressed in the ankle link and binds to USH2A and VLGR1 [1, 74] . Moreover, WHRNb binds to MYO7A, and WHRN, USH2A, and VLGR1 are not present in the Myo7a sh1 [1, 74] . These results suggest that USH2A, VLGR1, and WHRN are ankle-link components and that mYO7a transports proteins of the ankle-link complex.
Base maintenance and construction of stereocilia
An unconventional myosin, myosin VI (MYO6), plays an important role in maintenance and construction at the base and taper of stereocilia. Myo6 is mutated in Snell's waltzer (Myo6 sv ) mice and in two forms of human nonsyndromic deafness, DFNA22 and DFNB37 [3, 8, 73] . Myo6 sv and allelic series mice exhibit deafness and circling behaviors and have fused cochlear and vestibular hair cell stereocilia [8, 77, 100] . In the inner ear, MYO6 is normally located in the cytoplasm of the organ of Corti, in vestibular hair cells within the cuticular plate and the pericuticular necklace (Fig. 3D) [8, 36, 77] , and in the taper between the actin core and plasma membrane of stereocilia (Fig. 3A) [36] . Myo6 mutations result in the fusion of the stereocilia into a giant structure (Fig.  4E) . In Myo6 mutant mice, the stereocilia of the organ of Corti hair cells begin to develop normally, forming correctly oriented arrays of growing stereocilia during the embryonic stages and at postnatal day 0; however, these arrays become progressively more disorganized and fused [77, 100] . These results suggest that MYO6 acts as a motor for the stereocilia membrane at the apex of the hair cell. The protein tyrosine phosphatase receptor Q (PTPRQ) also regulates base and taper maintenance/constriction of stereocilia. In humans, the mutations in Ptprq were identified in patients with autosomal-recessive nonsyndromic hearing impairment DFNB84 [96] . PTPRQ and MYO6 are colocalized at the base and taper of stereocilia (Fig. 3A) . Ptprq KO mice show giant cilia, which are associated with the loss of the stereocilia taper [30, 95] . In addition, PTPRQ is broadly distributed throughout the stereocilia in Myo6 sv mice [95] . These results suggest that MYO6 and PTPRQ form a complex that maintains the organization of the base of stereocilia.
Future Perspectives
The mouse is a key model organism for the analysis of mammalian developmental, physiological, and disease processes in hearing impairment. ENU mutagenesis screening is a powerful tool for generating novel mouse mutants to study hearing impairment. Such mutant mouse strains are now available in the UK, Germany, USA, and Japan; these mice derive from large-scale ENU mutagenesis, followed by phenotype-and gene-driven screens of the dominant and recessive mutants that were generated [17, 29, 42, 50, 67, 84] . Other powerful genedriven approaches will be considerably enhanced through ongoing global efforts to create comprehensive targeted embryonic stem cell libraries covering ~25,000 genes in the mouse genome through the International Knockout Mouse Consortium (IKMC: http://www.knockoutmouse. org/), which includes the following major knock out (KO) projects: European Conditional Mouse Mutagenesis Program (EUCOMM), Knockout Mouse Project (KOMP), North American Conditional Mouse Mutagenesis Project (NorCOMM) and Texas A&M Institute for Genomic Medicine (TIGM) (USA) [43] . In addition, to understand the roles of the individual genes that mediate hearing, we need to characterize the effects on hearing phenotype of mutagenesis, knockout, or individual gene modifications and of natural variations in these genes. This insight is part of the reason why large-scale phenotyping centers have been established, alongside the experimental resources, to generate mutations and knockouts in all of the mouse genes [13, 108] . Undoubtedly, these programs will create and provide many more mouse models and generate valuable biological information regarding hearing impairment. 
